Second-and third-harmonic generation in single-walled carbon nanotube films is experimentally investigated with the fundamental 1064 nm radiation from a Q-switched Nd:YAG laser. Measurements were performed both on commercially available carbon nanotubes and on samples of carbon nanotubes grown with a catalyst-free method. Third-harmonic generation was observed in both samples while only the sample grown with a catalyst-free method generated a second-harmonic signal. The quantum yield of second-and third-harmonic signal was proven to scale, respectively, with the second and third power of the pump pulse energy up to intensities of Nonlinear optical properties of single-walled carbon nanotubes (SWCNTs) are a subject of increasing interest, mainly in view of potential practical applications of carbon nanotubes as devices for ultrafast processing of optical signal.
Nonlinear optical properties of single-walled carbon nanotubes (SWCNTs) are a subject of increasing interest, mainly in view of potential practical applications of carbon nanotubes as devices for ultrafast processing of optical signal.
1-3 SWCNTs have a synthetic structure and from a structural point of view are graphite sheets rolled up into rather long cylindrical tubes with a diameter up to 2 nm. 4 The resulting low dimensionality (quasi-one-dimensional structure) determines most of the electronic properties relevant for the nonlinear optical response of SWCNTs. First, the quantum confinement of the delocalized p electrons in SWCNTs along the axis of symmetry of the cylinder, with the consequent minimization of the p -electrons mixing effects, is expected to enhance the third-order nonlinear optical response of SWCNT, with respect to carbon-based structure like fullerenes. 5 In addition, the quasi-onedimensional structure of SWCNT gives rise to spikes in the spectrum of the electronic density of states (van Hove singularities) which can strongly enhance the nonlinear optical response of SWCNTs once the excitation wavelength matches the energy difference between two such resonances. 6 Third-order optical nonlinearity in SWCNT has already been demonstrated by a lot of different experimental techniques, from third-harmonic generation (THG) and Kerr effect on femtosecond time scale, [7] [8] [9] to degenerate four wave mixing on picosecond 10 and nanosecond time scale. 10, 11 Evidence for second-order nonlinear optical activity in SWCNTs has recently been demonstrated in a second-harmonic generation (SHG) experiment performed at femtosecond time scale. 8 In the present letter we report the observation of secondand third-harmonic generation at nanosecond time scale from solid samples of SWCNTs. To prepare the sample for the experiment we started both from commercially available SWCNTs (Carbolex) and from SWCNTs synthetised in our laboratory by means of the catalyst-free method (CFM).
12,13
In both cases the SWCNTs sample was a solid cylindrical tablet with a diameter of 50 mm and a thickness of 2 mm. Raman scattering and absorption spectra measurements indicate that the average size is 1.5 and 1.1 nm for Carbolex SWCNTs and CFM SWCNTs, respectively. The measured IR absorption spectrum shows at 1064 nm ͑1.16 eV͒ a shoulder of a band transition centered at 1.28 eV and which corresponds to a transition between the first and second pairs of van Hove singularities in semiconducting chiral nanotubes. 11 The experimental setup for the third-harmonic and second-harmonic generation in SWCNTs is shown in Fig. 1 . The fundamental radiation ͑ = 1064 nm͒ of a Nd:YAG laser (JK 2000) operating at the repetition rate of 1 Hz was used as exciting beam. The laser pulse was vertically polarized with respect to the plane of incidence, with a time duration p = 10 ns, a spectral linewidth of 0.6 nm. The laser pulses, whose energy did not exceed 100 and 200 mJ for THG and SHG experiments, respectively, were focused by a lens ͑f =35 cm͒ to a spot of 1 mm on the sample. The SWCNT a)
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APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 8 sample was placed nearly at 45°with respect to the direction of the incident laser beam, and the scattered radiation was first collimated and then focused on the entrance slit ͑1 mm͒ of a monochromator (Jobin Yvon HR250 UV) by means of two quartz lenses. The third-and second-harmonic signal is recorded by a photomultiplier tube (Hamamatsu H5783) then electronically amplified and filtered by a Boxcar Averager (Stanford Research SR250). At the laser energies used, the maximum intensity did not exceed 2 ϫ 10 9 W/cm 2 , nearly three orders of magnitude less than the damage threshold for SWCNT. 7 Such an excitation energy is nearly two orders of magnitude less than the intensities used in a corresponding femtosecond THG scheme 7, 8 in order to compensate for the deeper diffusion heat into the SWCNT sample in nanosecond THG and SHG experiments. The spectrum of the thirdharmonic radiation generated by two investigated SWCNT samples is shown in Fig. 2 .
The different amount of the optical background due to the different microscopic roughness of the samples made it impossible to compare the absolute value of the thirdharmonic yield in the two measurements. Nevertheless, it is possible to compare the linewidth of the third-harmonic spectrum generated in the two different samples. A Gaussian fit provides a linewidth of 0.35± 0.01 nm for the SWCNT sample synthetized with the CFM, while for Carbolex samples the linewidth is narrower and equal to 0.29± 0.01 nm. The behavior of the third-harmonic linewidth in the two cases can be ascribed, in a certain proportion, to the different purity of the samples. In fact, as Raman spectra analysis shows, the Carbolex SWCNTs sample has a lowest purity with respect to SWCNT synthetized without catalyst. This results in a higher threshold for THG in Carbolex SWCNT sample and hence in an efficient third-harmonic conversion on a narrower portion of the energy spectrum of the laser pulse. The dependence of the third-harmonic signal intensity with the laser energy has been measured on the SWCNT Carbolex sample and the result is reported in Fig. 3 . Experimental data fitting indicated that third-harmonic yield scales nearly as ϳ͑I͒ 3 , where I is the intensity of the fundamental laser beam. Although at nanosecond time scale the laser intensity was nearly two orders of magnitude lower than that used in the THG scheme at femtosecond time regime, an efficient THG was obtained. This experimental finding can be explained by considering the resonant nature of ͑3͒ at 1064 nm on nanosecond time scale, as experimentally demonstrated by Liu et al. 10 The ratio between the absolute value of resonant and nonresonant ͑3͒ components at 1064 nm was found to be as large as ϳ2 ϫ 10 2 . Being the third-harmonic intensity proportional to ͑ ͑3͒ ͒ 2 , it turns out that the larger THG yield obtainable at femtosecond time scale by using high laser intensity is partially compensated at nanosecond regime, where a less intense laser beam has to be used in order to avoid thermal effects on the sample, by the resonant enhancement of the third-order susceptibility magnitude.
It is quite interesting to note that no detectable THG was observed both in a solid sample of graphite and of carbon nanoparticles, the structures from which Carbolex and CFM SWCNTs are grown and that constitute the main impurities in the samples used in our experiment. This experimental evidence enforces the statement that the quantum confinement which has undergone the delocalized electrons during SWCNT formation strongly enhances their optical nonlinear response.
Second-harmonic generation on both samples was investigated up to an energy of 2 ϫ 10 9 W/cm 2 for the fundamental laser beam. It must be emphasized that SHG was observed only in sample grown with CFM while no detectable SH signal was recorded in Carbolex sample. The experimental findings are shown in Fig. 4 , where for the sake of completeness also the data for Carbolex are reported. The amount of optical background was found to be much lower at the second-harmonic wavelength ͑532 nm͒ with respect to the THG experiment thus allowing one to obtain, for the CFM samples, a good signal to noise ratio despite the SH yield being much lower with respect to TH. Figure 5 reports the SH yield as a function of the fundamental laser beam energy together with a fit which indicates that it scales ϳ͑I͒ 2 . Centrosymmetric materials do not generate a bulk second harmonic in dipole approximation, hence SHG indicates a certain degree of anisotropy in CFM grown samples. These experimental findings seem in accordance with the results of absolute measurements of the different tensorial components of ␣␤␥␦
͑3͒
by means of degenerate four wave mixing technique. 11 A value of 0.11 was experimentally found for the ratio 1122 ͑3͒ / 1111 ͑3͒ at 532 on SWCNT grown with CFM.
The breaking of the symmetry condition 1122 ͑3͒ / 1111 ͑3͒ =1/3 is ascribable both to the resonant nature of the excited optical nonlinearity and to a degree of anisotropy of the sample, e.g., chirality. However, the possible occurrence of surface anisotropies in the sample grown with CFM cannot be directly related with their preparation method. In this respect it is not clear why surface waves, eventually responsible for SH generation, might be generated only in these kinds of samples.
In conclusion, we observed THG at nanosecond time scale from two different solid SWCNTs samples excited by the fundamental 1064 nm radiation of Nd:YAG laser. SHG was observed only on samples grown with CFM, while Carbolex sample gave no detectable second-harmonic signal. The resonant nature of ͑3͒ at the exciting wavelength made it possible to observe THG and SHG at relatively low laser intensities ͑ϳ10 9 W/cm 2 ͒ and under perturbative regime conditions. The existence of THG and SHG yield enhancement 14 due to phase matching condition in partially oriented SWCNT sample is subject of ongoing experimental investigations. 
